Homologous recombination (HR), which mediates the repair of DNA double-strand breaks (DSB), is crucial for maintaining genomic integrity and enhancing survival in response to chemotherapy and radiotherapy in human cancers. However, the mechanisms of HR repair in treatment resistance for the improvement of cancer therapy remains unclear. Here, we report that the zinc finger protein 830 (ZNF830) promotes HR repair and the survival of cancer cells in response to DNA damage. Mechanistically, ZNF830 directly participates in DNA end resection via interacting with CtIP and regulating CtIP recruitment to DNA damage sites. Moreover, the recruitment of ZNF830 at DNA damage sites is dependent on its phosphorylation at serine 362 by ATR. ZNF830 directly and preferentially binds to double-strand DNA with its 3 or 5 overhang through the Zinc finger (Znf) domain, facilitating HR repair and maintaining genome stability. Thus, our study identified a novel function of ZNF830 as a HR repair regulator in DNA end resection, conferring the chemoresistance to genotoxic therapy for cancers those that overexpress ZNF830.
INTRODUCTION
DNA double-strand breaks (DSBs) are highly toxic lesions that can be generated by a variety of exogenous sources including ionizing radiation, mutagenic chemicals and chemotherapeutic drugs (1) . DSBs can also arise from endogenous oxidative stress and replication fork collapse triggered by problems encountered during DNA replication (2) . Failures to correctly repair DSBs may result in propagation of mutations, chromosomal translocations, genome instability, tumorigenesis, cell senescence and death (3) . Therefore, it is crucial that cells must quickly detect DSBs and get them efficient repaired.
DNA DSBs are primarily repaired by two major pathways: homologous recombination (HR) and nonhomologous end-joining (NHEJ) (4) . NHEJ is active in all phase of cell cycle, while HR, which requires the identical sister chromatid as the template for completing the repair, occurs preferentially in S and G2 phase (4) (5) (6) (7) . NHEJ directly ligates the broken DNA ends, usually causing small deletions and additions, thus, it is considered as error-prone repair (8) . Whereas HR requires sequence-homologous template to repair and restore the broken DNA molecules, therefore, HR repair is considered as error-free process (4) .
NHEJ and HR repairs are executed by different machineries, respectively. NHEJ is initiated by recogni-tion and binding of the Ku70/Ku80 heterodimer to the DNA ends, followed by the recruitment and activation of DNA-dependent protein kinase (DNA-PKcs) and the XRCC4/ligase IV complex, which joins the DNA ends together (9) . During HR, DSBs is firstly recognized by MRN complex (Mre11-Rad50-NBS1) and initiated by MRN mediated DSB end resection and generating 3 single-stranded DNA (ssDNA) overhangs (10) . The resulted ssDNA overhang is rapidly bound by replication protein A (RPA), which is subsequently displaced by Rad51 recombinase (11, 12) . Rad51 coats on ssDNA and form a nucleoprotein filament that allows strand invasion and homology search (11) . During the DNA end resection, CtIP (also known as RBBP8) is recruited to the DSBs sites and interacts with MRN (7, 13) . CtIP promotes end resection through stimulating the nuclease activity of MRN, accelerating generation of ssDNA regions (13) . DNA end resection is the key and the rate-limiting step for HR repair, it is also considered as the determinant of the choice between HR and NHEJ (5) .
Cancer cells are characterized by uncontrolled cell proliferation and division, leading to a higher chance of DNA damage including single-strand breaks (SSBs) and double-strand breaks (DSBs) during replication (14) . Radiotherapy, as well as many widely used chemotherapeutic drugs, such as cisplatin, etoposide, hydroxyurea and camptothecin, are designed to induce DNA DSBs preferentially in replicating cells (15) . Excessive DSBs beyond the repairing capacity would cause cell death, however, cancer cells with elevated DNA repair capacity exhibit intrinsic resistance, undermining the efficacy of such therapies (16) . On the other hand, the dependence on DNA repair pathways makes them promising targets of cancer therapies. For example, a subgroup of breast cancers show defects of HRmediated DNA repairing due to mutations of BRCA1/2, making them vulnerable to inhibitors of Poly(ADP-ribose) polymerase (PARP), a key protein involved in repairing SSBs and HR-mediated restart of stalled replication forks (17) . Olaparib, the recently approved inhibitor to PARP, is now the first-in-class monotherapy for advanced ovarian cancer patients with deletion or mutation of BRCA1/2 (17) (18) (19) . Clinically, the integrity of HR repair pathway has been used to predict patients' sensitivity to PARP inhibitors (17) (18) (19) . Given the importance of HR repair in cancer drug response and chemoresistance, a thorough understanding of HR repair process by uncovering novel HR repair regulators would provide great therapeutic benefits.
ZNF830, also known as Ccdc16 or Omcg1, is a nuclear zinc finger protein that participates in pre-mRNA splicing (20) . ZNF830 has also been implicated in DNA damage repair, since its inactivation leads to extensive DNA damage, genomic instabilities and cell death (20) . In this report, we show that ZNF830 is recruited to the DSB sites through ataxia telangiectasia and rad3-related (ATR) signaling upon DNA damage, and ZNF830 directly interacts with CtIP to promote its recruitment to the sites of DSBs, thus accelerating end resection during HR repair. By regulating HR-mediated DNA repair, ZNF830 promotes cellular survival upon DNA damage and mediates the resistance of cancer cells to DNA damage caused by chemotherapies and radiotherapies.
MATERIALS AND METHODS

HR and NHEJ measurement
HR activity was measured using DR-GFP reporter system as described previously (21) . Briefly, U2OS DR-GFP cells were transfected with Ctrl siRNA or ZNF830 siRNA using lipofectamine 2000™. Twenty-four hours after siRNA transfection, cells were transfected with pCBASceI plasmid to induce double strand break, followed by flow cytometry analysis for GFP recovery at 48 h latter. NHEJ was analyzed using pimEJ5GFP reporter system as described previously (22) . Firstly, pimEJ5GFP plasmid was stably transfected into H1299 cells. Then, H1299 EJ5GFP cells were transfected with Ctrl siRNA or ZNF830 siRNA. 24 hrs after siRNA transfection, cells were transfected with pCBASceI. Forty eight hours after pCBASceI transfection, GFP positive cells were quantified by flow cytometry.
Immunofluorescence assay
Cells were grown on chamber slides (BD Falcon, MA, USA), fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100 in PBS for 10 min and blocked with 10% normal goat serum (Life technologies, Carlsbad, CA, USA) for 1 h. Cells were then incubated with primary antibodies overnight at 4
• C, after washing, samples were incubated with Alexa Fluor 488 or Alexa Fluor 555 labeled secondary antibodies for 45 min at room temperature in the dark. After washing, samples were mounted with Prolong Gold antifade reagent containing DAPI (Invitrogen). Images were captured using LSM 510 confocal microscope (Zeiss, Sweden). For RPA and CtIP foci detection, cells were pre-extracted with pre-extraction buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl 2, 300 mM sucrose, 0.5% Triton X-100 and 0.3 mg/ml RNase A) for 5 min at room temperature before being subjected to fixation.
Electrophoretic mobility shift assay (EMSA)
The DNA binding to the ZNF830 protein was determind by EMSA as described previously (23) . The double-strand substrate was generated by annealing of oligonucleotide JYM698 and JYM696, the 3 -overhanging DNA duplex was produced by annealing of oligonucleotide JYM699 and JYM696 and the 5 -overhanging DNA duplex was produced by annealing of oligonucleotide JYM697 and JYM696. The sequences of oligonucleotides were: JYM696, 5 -GGG CGA ATT GGG CCC GAC GTC GCA TGC  TCC TCT AGA CTC GAG GAA TTC GGT ACC CCG  GGT TCG AAA TCG ATA AGC TTA CAG TCT CCA  TTT AAA GGA Chromatin immunoprecipitation (ChIP) assay for measuring the DSB recruitment U2OS-DRGFP cells, which carrying chromosomal integrated single-copy of I-SceI site, were used to detect protein recruitment to I-SceI endonuclease-induced DSB sites as described previously (24) . Briefly, 24 h after transfection of indicated siRNA, cells were transfected with pCBASceI plasmids to introduce DSBs. Twenty four hours after pCBASceI transfection, ChIP assay was performed using Pierce Agarose ChIP Kit (Thermo Scientific, USA) and ZNF830 (HPA027211, Sigma) or CtIP (79809, Novus Biologicals) antibodies according to the manufacturer's instruction. The ZNF830 or CtIP associated DNA was detected by PCR using the primer at the I-SceI site. The primer sequence was: forward, 5 -TAC AGC TCC TGG GCA ACG TG-3 ; reverse, 5 -TCC TGC TCC TGG GCT TCT CG-3 . The PCR program was: 95
• C for 5 min, 1 cycle; 95
• C for 45 s, 56
• C for 30 s and 72
• C for 30 s, 35 cycles; 72
• C for 10 min, 1 cycle. The amplified products were analyzed on a 1.2% agarose gel.
Xenograft tumor model
Four to six weeks of female nude mice were purchased from the animal center at The Fourth Military Medical University. All the animal protocols were performed according to the Guide for the Animal Care and Use Committee of Xidian University. For the tumor implantation, 10 7 of H1299 cells expressing control or ZNF830 shRNA were subcutaneously implanted into mouse flanks and tumors were allowed to reach 100 mm 3 before starting treatment. Mice were treated with 50 mg/kg olaparib through intraperitoneal injection (i.p.) and the vehicle group received PBS as control. Tumor volumes were measured at every 5 days and calculated by equation of V = (L × W 2 )/2 (V, volume; L, length; W, width) as described (25) .
In vitro ATR kinase assay
In vitro analysis of ATR phosphorylates ZNF830 was performed as previously described (26) . Briefly, H1299 cells were treated with 10 Gy of IR and active ATR kinase was immunoprecipitated from irradiated cells 30 min after treatment. To obtain Flag-ZNF830 WT or S362A proteins, 293T cells were transfected with Flag-ZNF830 WT or S362A mutant plasmid, and the proteins were immunoprecipitated 48 hrs after transfection. Then, the active ATR was mixed with 1 g of purified Flag-ZNF830 proteins in 50 l kinase buffer (10 mM HEPES pH 7.4, 50 mMNaCl, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM DTT, 10 M cold ATP and 25 Ci [␥ -32 P] ATP) supplemented with protease inhibitor cocktail at 30
• C for 1 h. Then, 2 × SDS sample buffer was added to stop the reaction, boiled and subjected to SDS-PAGE. The radiolabeled phosphorylated ZNF830 was detected using Typhoon 9210 phosphorimager (GE Healthcare).
Immunohistochemistry assay
Human lung cancer tissue microarray (HLugA150cs02) was purchased from Shanghai outdo Biotech Co., Ltd (Shanghai, China). In the microarray, 75 lung cancer tissues and their adjacent lung tissues were conducted in formalinfixed paraffin-embedded sections. Xenograft tumors were collected and fixed in formalin, embedded in paraffin and cut into 5 m-thick sections. Sections were firstly deparaffinized with 100% xylene, followed by rehydration using gradient ethanol (100%, 95%, 70%, 30%, 0%). After inactivation of endogenous peroxidase and retrieval antigen, IHC staining was performed using R.T.U Vectastain Kit (Vector Laboratories) according to manufacturer's instructions. The primary antibodies were ZNF830 (1:100, Sigma), Ki-67 (1:800, Abcam) and ␥ H2AX (1:500, EMD Millipore). The percentage of Ki-67 and ␥ H2AX positive cells was determined from three separate fields in each of three independent tumor samples. The semi-quantitation of ZNF830 staining was carried out by immunoscore (27) . The immunoscore was calculated by multiplying the intensity and percentage of positive staining. The intensity was defined as follows: 0, no appreciable staining; 1, weak intensity; 2, moderate intensity; 3, strong intensity; 4, very strong intensity. High ZNF830 was defined when immunoscore ≥ 100; Low ZNF830 was defined when immunoscore < 100.
Metaphase spread assay
H1299 cells were transfected control or ZNF830 siRNA, and then treated with 5 Gy of IR. Twelve hours after IR treatment, cells were exposed to 1 g/ml colcemid (Thermo Fisher Scientific, Somerset, NJ) for 1.5 h and cells were then suspended in 0.56% KCl 15 min at 37
• C. After fixing in methanol/acetic acid (3:1) (vol/vol) for 20 min in -20
• C, cells were dropped onto slides and air dried. After mounted with DAPI, the spreads were detected under fluorescence microscopy.
Statistical analysis
The statistical significance of differences between groups was analyzed with two-sided unpaired student's t-test or Fisher's exact test. Results were considered statistically significant at P < 0.05. All data are presented as mean ± standard deviation (S.D.).
RESULTS
ZNF830 enhances cell survival in response to DNA damage agents
ZNF830 was predicted as an essential gene for the sustained growth of cancers in whole genome-scale CRISPR To analyze the role of ZNF830 in cancer progression, we utilized the Kaplan-Meier plotter on-line database (http: //kmplot.com/analysis/) and found that high expression of ZNF830 is associated with poor survival in lung and gastric cancer patients ( Figure 1A ). Moreover, we evaluated ZNF830 protein levels in adjacent normal lung tissues and lung tumors, immunochemistry (IHC) assay showed that ZNF830 protein levels were elevated in lung tumors ( Figure  1B) . Meanwhile, knocking down of ZNF830 by shRNA attenuated the growth of H1229 and A549, two human lung cancer cell lines (Supplementary Figure S1A) . Given that ZNF830 is a nuclear protein and harbors zinc finger (ZNF) DNA binding motif (20), we next tested whether ZNF830 is involved in the regulation of cancer cell survival in response to DNA damage agents. The clonogenic survival assay revealed that the knockdown of ZNF830 sensitized H1299 cells to ionizing radiation (IR), hydroxyurea (Hu) and camptothecin (CPT) ( Figure 1C ). To confirm the prosurvival role of ZNF830 to DNA damage agents, we employed CRISPR-Cas9 to deplete ZNF830 in A549 cells and we obtained similar results in ZNF830-depleted A549 cells treated with IR, Hu and CPT (Supplementary Figure S1B) .
ZNF830 regulates HR repair
We then examined ␥ H2AX level, which is the ser139 phosphorylation of H2AX and recognized as marker of DNA damage (29) , after IR treatment. We detected a significant increase of ␥ H2AX at 0.2 h, which was gradually reduced to the initial level at 24 h after IR in the control siRNA transfected H1299 cells or A549 parental cells, but we found a delayed clearance of ␥ H2AX in ZNF830 silenced-cells or ZNF830 knock out cells (Figure 2A and Supplementary Figure S2A ). These data suggest that ZNF830 may be involved in regulation of DNA damage response (DDR) or/and possibly the repair of DNA damage. Since activation of Chk1 and Chk2 are the major effectors for DNA damage response signaling (30), we thus examined Chk1 and Chk2 phosphorylation after IR treatment, and we detected a similar pattern of Chk1 and Chk2 phosphorylation in H1299 cells treated with control siRNA or siRNA against ZNF830 (Supplementary Figure S2B) . This result indicates ZNF830 may not directly affect DDR signaling.
DNA DSBs are mainly repaired by HR and NHEJ repair pathways (4). We next employed reporter systems to measure the HR and NHEJ activity. In HR reporter substrate (pDR-GFP), the GFP gene is interrupted by I-SceI site and the functional GFP can only be restored by HR repair using the downstream iGFP sequence as the template after I-SceI expression ( Figure 2B ) (21) . Using U2OS DR-GFP cells, which harboring chromosomally integrated single-copy of the DR-GFP construct (31), the percentage of GFP-positive cells was significantly reduced in cells treated with siRNA against ZNF830 after exogenous expression of I-SceI, indicating a suppression of HR repair pathway after ZNF830 knock-down ( Figure 2C ). In addition, we also employed NHEJ reporter (EJ5-GFP), in which the puro gene is inserted into a I-SceI site between the promoter and the open reading frame of GFP, and the GFP can only be expressed via NHEJ repair pathway after the removal of puro gene by exogenously expressed I-SceI ( Figure  2B ) (22) . Different from the result of HR reporter assay, no significant change of GFP-positive rates was detected after the silencing of ZNF830 in H1299 cells with stably transfected EJ5-GFP plasmid ( Figure 2D ). Meanwhile, we did not detect significant change in cell cycle progression after knockdown of ZNF830 (Supplementary Figure S2C) . These results suggest that ZNF830 mainly affects HR, but not NHEJ repair pathway after DNA damage.
Loading of Rad51 onto the resected single-strand DNA (ssDNA) is the critical step during HR process and Rad51 foci formation is considered as the marker of HR repair (11) . To confirm the role of ZNF830 in HR repair pathway, Rad51 foci were stained in H1299 cells after IR treatment. In consistence with the result of previous HR reporter assay, ZNF830-silenced cells exhibited a significantly lower level of Rad51 foci formation, compared with control cells (86.1 ± 4.8% versus 35.9 ± 6.7%) ( Figure 2E ). At the same time, there was no significant change in the formation of 53BP1 foci, a common indicator of activated NHEJ repair pathway or DNA damage sites which have not yet been committed to repair process (6) , in H1299 cells treated with siRNA against ZNF830 after the exposure to IR (Supplementary Figure S2D) . Thus, our results indicated a potential role of ZNF830 in regulating of HR repair. Furthermore, we observed that ZNF830 depletion significantly increased the IR-induced chromosome aberration including chromosome and chromatid breaks by metaphase spread assay ( Figure  2F ). Thus, our results showed that ZNF830 has an important role in the process of HR repair.
Phosphorylation of ZNF830 at Ser362 by ATR induces its recruitment to DNA damage sites
Next, we tested whether ZNF830 could localize at the DNA damage site to support HR repair. The immunofluorescence assay showed that ZNF830 formed foci co-localized with ␥ H2AX, the marker of DNA damage, after IR treatment ( Figure 3A) . To further confirm ZNF830 recruitment at DNA damage site, chromatin immunoprecipitation (ChIP) assay was employed to examine the existence of DSB fragments in the ZNF830 immunoprecipitation complex in U2OS-DRGFP cells. A clear band of DSB fragment was detected in the product of ZNF830 ChIP after the introduction of DSBs by the exogenous expression of I-SceI, but not in the product of IgGChIP ( Figure 3B ). Meanwhile, no DSB fragment was detected after the depletion of ZNF830 by siRNA ( Figure 3B ). These results indicated that ZNF830 localizes to DNA DSB sites after the induction of DNA damage.
Sensing DNA damage are orchestrated by three serine/threonine kinases named ATR, ATM and DNAPKcs, which phosphorylate their substrates containing conserved S/TQ motif (32) . So, an antibody against pS/TQ was utilized to test whether ZNF830 could be directly phosphorylated at S/TQ motif after DNA damage. We found that ZNF830 was phosphorylated at S/TQ site in response to IR, Hu or CPT treatment ( Figure 3C ). Two SQ motifs including S89 and S362 are in the human ZNF830 protein and we thus generated S89A or S362A substitution mutant, in which serine is replaced with alanine, to block its phosphorylation. Intriguingly, S362A, but not S89A mutant, abolished ZNF830 phosphorylation in response to IR treatment ( Figure 3D ), suggesting that ZNF830 is phosphorylated at S362 site after DNA damage. Moreover, this S/TQ motif is conserved across species ( Figure 3E ). Next, their inhibitors against ATM, ATR or DNA-PKcs were employed to pinpoint the specific kinase mediating phosphorylation of ZNF830. Only the treatment of ATR inhibitor (VE821) abolished ZNF830 phosphorylation, while the treatment of ATM inhibitor (KU55933) or DNAPKcs inhibitor (NU7441) exhibited no significant effect on IR-induced phosphorylation of ZNF830 (Supplementary Figure S3A) , suggesting that the DNA damage-induced phosphorylation of ZNF830 is mediated by ATR. Furthermore, the in vitro ATR kinase assay confirmed that ATR directly phosphorylated wild-type (WT) ZNF830, but not the S362A mutant ( Figure 3F ). These results showed that ZNF830 was phosphorylated by ATR at S362 in response to DNA damage.
To investigate whether ZNF830 recruitment to DSB site depends on its phosphorylation, ZNF830/DSBs association was analyzed after the depletion of endogenous ATR by siRNA. The ChIP assay showed that the binding between ZNF830 and DSBs were significantly reduced in ATR-depleted cells (Supplementary Figure S3B and C) , suggesting that the localization of ZNF830 at DSB sites is dependent on the ATR. Additionally, the immunofluorescence assay showed that wild-type ZNF830 formed foci co-localized with ␥ H2AX foci after IR treatment, while the S362A phosphorylation-deficient mutant failed to form such foci ( Figure 3G ). Thus, these results proved that ATR phosphorylates ZNF830 at S362 in response to DNA damage, resulting in the recruitment of ZNF830 to the sites of DNA damage.
ZNF830 directly and preferentially binds to dsDNA with 3 or 5 overhang
Since ZNF830 containing ZNF DNA binding domain (20), we then purified His tagged recombinant WT or ZNF domain deletion ( ZNF) proteins from E. coli to test whether ZNF830 directly binds to double-strand DNA (dsDNA) end ( Figure 4A ). Both blunt and single-strand overhang ends can be generated during double-strand DNA break (33, 34) , so three kinds of dsDNA substrates (blunt ds-DNA, 3 -overhang dsDNAor 5 -overhang dsDNA) were incubated with an increasing concentrations of WT ZNF protein or ZNF-deletion mutant and the mixture was subject to electrophoretic mobility shift assay (EMSA). Only a slight binding of blunt dsDNA was detected with 40 nM of WT ZNF830 protein ( Figure 4B ). Whereas, 3 or 5 overhang dsDNA started to show obvious binding from 10 nM WT protein, which further increased to the saturation level in the presence of higher concentrations of WT ZNF830 protein ( Figure 4C and D) . Meanwhile, single-strand DNA (ss-DNA) could also bind to WT ZNF830 protein starting from 10 nM (Supplementary Figure S4) . However, no binding of DNA substrates was detected with ZNF mutant protein ( Figure 4B-D) . These results indicated that ZNF830 protein directly binds to dsDNA through its ZNF domain, with a higher affinity to 3 or 5 overhang dsDNA compared to blunt dsDNA.
ZNF830 interacts with CtIP through its coiled coil domain
To test whether ZNF830 is associated with HR proteins, we performed the immunoprecipitation (IP) assay using anti-ZNF830 antibody and the results showed that ZNF830 interacts with CtIP. But we failed to observe any interaction between ZNF830 and other HR machinery components including Mre11, Rad50, NBS1, Rad51 and RPA2 ( Figure 5A ). The reciprocal Co-IP by the antibody against CtIP confirmed the interaction between ZNF830 and CtIP ( Figure 5B ). In addition, in vitro IP assay using recombinant His-ZNF830 and GST-CtIP proteins further confirmed that ZNF830 directly interacts with CtIP ( Figure  5C ).
The full length ZNF830 contains three functional domains named ZNF domain, Glu-rich domain and coiledcoil domain respectively ( Figure 5D ) (20) . To map the CtIPbinding site of ZNF830, we generated a serial of deletion mutants of ZNP830, including ZNF deletion mutant ( ZNF), Glu-rich domain-deletion mutant ( Glu) and coiled-coil domain-deletion mutant ( CC) ( Figure 5D ). The IP assay revealed that CC mutant completely lost the interaction with HA-CtIP ( Figure 5E ), indicating that the coiled-coil domain is required for ZNF830's interaction with CtIP. Whereas, we detected similar ZNF830 foci formation and co-localization with ␥ H2AX (Supplementary Figure S5A) , implying that ZNF830 foci formation does not depends on binding to CtIP.
To study whether DNA damage affects the association between ZNF830 and CtIP, we next co-transfected H1299 cells with Flag-ZNF830 and HA-CtIP, followed by IP at 1 h after 5Gy of IR treatment, the time at which IR did not change cell cycle progression (Supplementary Figure S5B) . We detected a similar level of CtIP/ZNF830 association in IR-treated cells and untreated cells ( Figure 5F ). Since HR repair activity is regulated by cell cycle, mainly occurring during S and G2 phase (35) , the CtIP-ZNF830 association was analyzed in cells that were synchronized with doublethymidine blocking (Supplementary Figure S5C) . Intriguingly, we found that CtIP-ZNF830 association was stronger during S and G2 phase, comparing with cells at G1 phase ( Figure 5G ). CtIP is known to be phosphorylated at Ser327 during S and G2 phase (7). Thus, S327D (phosphorylation mimics) or S327A (phosphorylation deficient) mutants of HA-CtIP were utilized to study whether this S-G2 specific phosphorylation of CtIP affects ZNF830/CtIP association. As expected, significantly more CtIP S327D mutant bound to ZNF830, compared to wild-type CtIP and S327A CtIP mutant ( Figure 5H ). Since phosphorylation at S327 is critical for CtIP/BRCA1 association, we then tested whether overexpression of BRCA1 could reduce CtIP interacting with ZNF830, and we detected a less level of CtIP bound to ZNF830 in presence of BRCA1 (Supplementary Figure S5D ). Taking together, these results suggest that S327 phosphorylation of CtIP enhances its interaction with ZNF830during S and G2 phase.
ZNF830 promotes DNA end resection
Since ZNF830 associates with DNA damage sites ( Figure  3A and B) , we then tested whether ZNF830/CtIP association promotes CtIP function. The ChIP assay showed that CtIP-associated DSB fragment is significantly reduced in ZNF830 silent cells after DSB induction by I-SceI (Figure 6A ). In consistence with the results of ChIP assay, the numbers of CtIP foci also decreased in ZNF830-silenced cells ( Figure 6B ). Moreover, WT ZNF830, but not CC mutant without CtIP binding site ( Figure 5E ), could rescue the reduction of CtIP foci formation caused by loss of ZNF830 (Supplementary Figure S6A) . These results suggest that ZNF830 promotes recruitment of CtIP at DSBs.
Since CtIP is crucial for efficient DNA end resection, we then evaluated the effect of ZNF830 depletion on DNA end resection through monitoring the RPA2 foci (13) . As expected, silencing of ZNF830 led to a significant decrease of RPA2 foci level after IR treatment ( Figure 6C) . Similarly, re-introduction of WT ZNF830 restored RPA2 foci level in ZNF830 knock out cells, while CC mutant failed to restore RPA2 foci level (Supplementary Figure S6B) . RPA2 phosphorylation of Ser4/8 is considered as the marker of DNA end resection (36) . We observed a robust activation of S4/S8 RPA2 phosphorylation at 60-180 min in cells treated with control siRNA, but this RPA2 S4/S8 phosphorylation were bleak in ZNF830 silenced cells ( Figure 6D ). These results indicate that ZNF830 is required for efficient CtIP recruitment and DNA end resection. 
Depletion of ZNF830 sensitizes lung cancer to PARP inhibitor treatment
HR repair confers resistance to DNA damage agents, especially to PARP-inhibitor therapy (16) . Olaparib, a firstin-class PARP inhibitor, selectively kills HR-deficient cancer cells (18) . As a HR repair regulator, we thus tested whether depletion of ZNF830 could sensitize HR-proficient lung cancer cells to olaparib treatment. As expected, the clonogenic survival assay showed that ZNF830-knockdown H1299 cells or A549 cells are more sensitive to olaparib treatment ( Figure 7A) . Then, we further tested the therapeutic efficacy of olaparib in H1299 lung tumor xenografts expressing control or ZNF830 shRNA. In consistence with in vitro clonogenic assay, we found olaparib greatly inhibited growth of ZNF830 knockdown tumors, but not in control tumors ( Figure 7B and C) . In addition, olaparib treatment induced more ␥ H2AX and less Ki67 in ZNF830-knockdown xenografts ( Figure 7D ). These results indicate that silencing of ZNF830 sensitizes lung cancers to olaparib treatment due to impaired HR repair activity and unrepairable DNA damage.
DISCUSSION
HR-mediated DNA DSB repair is crucial for maintaining genomic integrity and survival in response to various genotoxic agents (37, 38) . The data presented above introduce ZNF830 as an essential component of the efficient HR repair machinery. In line with this conclusion, we showed that the depletion of ZNF830 resulted in a significant reduction of HR repair activity and survival of cells exposed to IR, hydroxyurea, CPT and olaparib. Moreover, we demonstrated that ZNF830 is a substrate of ATR, one of the major controllers of DNA damage response. ATR directly phosphorylates ZNF830 at its S362 upon DNA damage, directing its recruitment to DSB sites. Phosphorylation-resistant mutant of ZNF830 (S362A) failed to localize to the sites of DNA damage, indicating the importance of ATR-dependent recruitment of ZNF830 for its function in HR repair ( Figure  3G ). At the sites of DSBs, ZNF830 directly cooperates with CtIP to promote DNA end resection, therefore accelerating HR repair. On the other hand, it is known that robust ATR signaling depends on resected single-strand DNA and also supports HR repair pathway (39, 40) , thus, ZNF830 might not participate in the initial step of DNA end resection. ZNF830 and ATR mutually affect each other through positive feedback loop in promoting HR repair. In agreement with our observations, it has been reported that oocytespecific knock-out of ZNF830 in mice leads to the accumulation of DNA DSBs and subsequent c-Abl/TAp63-dependent death of oocyte, mimicking premature ovarian insufficiency (POI) associated with endocrine-related disorders in 1% of women (20) . Moreover, single nucleotide polymorphism of a nucleotide (rs3744355) within the single exon of the ZNF830 gene is found to be associated with the acute adverse skin reactions following radiotherapy for breast cancer (41) , which might be explained by its involvement in the repair of DSBs. ZNF830 was identified as an important gene for cancers (28) , our data showed that elevated ZNF830 expressions were detected more often in lung cancers compared with normal lung tissues, the specific function of ZNF830 in cancer progression still requires further investigation.
In the present study, we uncovered the role of ZNF830 in homologous recombination-mediated DNA repair and reported that ZNF830 directly interacts with CtIP, which plays critical role in promoting MRN mediated DNA end resection (7) . ATR phosphorylates ZNF830 at S362 upon DNA-double strand break, which then enhances CtIP DSB recruitment, DNA end resection and HR repair (Supple- mentary Figure S6C ). Due to its critical roles in DNA end resection (13) , CtIP is under the coordination of many other proteins including BRCA1, And-1 and USP4 (7, 42, 43) . The binding between BRCA1 and CtIP depends on BRCA1's phosphoylation at serine 327 in S and G2 phase during which the active HR occurs (7). And-1 constitutively interacts with CtIP, which could be enhanced by DNA damage (42) . USP4 interacts with CtIP and regulates the recruitment of CtIP to DNA damage sites through its deubiquitylating enzyme activity (43) . Herein, we identified ZNF830 as a new regulator of CtIP, which directly and preferentially binds to overhanging DNA ends which is preferred by HR repair pathway (13) , facilitating CtIP's recruitment to the sites of DSBs by direct protein-protein interaction through its coiled-coil domain. Similar to the interaction between BRCA1 and CtIP, the association of ZNF830 and CtIP is also regulated by cell cycle progression, peaking at S and G2 phase during which HR repair is active.
ZNF830 was previously identified to interact with the XAB2 splicing complex, which also containing hAquarius, XAB2, hPRP19, hISY1, and PPIE (44) . The function of XAB2 complex is involved in pre-mRNA splicing, transcription, and transcription-coupled repair (44) . The depletion of XAB2 resulted in the hypersensitivity to killing by UV light in Hela cells, which could be partially explained by a decrease in recovery of RNA synthesis after UV irradiation as well as the suppression of total RNA synthesis (44) . Meanwhile, a recent study reported that XAB2, which localizes adjacent to the DNA damage sites, also promotes HR repair by enhancing CtIP hyperphosphorylation and histone acetylation, whose detailed mechanism remained to be elucidated (45) . Similarly, as a component of XAB2 complex, our work found that ZNF830 also participates in DSB repair via HR and plays a positive role in DNA end resection. Distinct with XAB2, our data suggested that ZNF830 promotes HR repair through directly cooperates with CtIP and enhances recruitment of CtIP to the DSB sites. Thus, our work identified a novel function of ZNF830 in DNA end resection and chemotherapeutic drug sensitivities. The high reliance on DNA repair pathway to survive chemotherapies and radiotherpies might be the Achilles' heel of cancer cells. Other than olaparib, many small molecule DNA repair inhibitors targeting PARP, MGMT, DNA-PK and ATR are already in the pipeline (46) . With the experience of olaparib's success in BRCA1/2-mutated breast cancer patients, the status of HR-mediated DNA repair might also play an important role in determining tumor response to the new DNA repair inhibitors. Similar to BRCA1, loss of ZNF830 also rendered H1299 lung cancer xenografts hypersensitive to olaparib treatment in our study, suggesting that ZNF830 can also be used as a predictive marker for olaparib response. According to the results of domain mapping analysis, ZNF830 binds to CtIP through its coiled coil domain, which is essential for ZNF830 functioningin DNA end resection ( Figure 5E , Supplementary Figure S5B) . Blocking peptides targeting the interacting surface of ZNF830 and CtIP, as well as siR-NAs targeting ZNF830 might benefits cancer patients by extending the application of small molecule DNA repair inhibitors such as olaparib to patients without defects in HRmediated DNA repair.
In summary, our study not only identifies novel functions of nuclear protein ZNF830 in HR-mediated DNA repair, but also provides a rational target for enhancing therapeutic efficacy of chemotherapy by the inhibition of ZNF830, particular for PARP1 inhibitor.
